Abstract. The structure and protein resistance of oligo(ethylene glycol)-terminated self-assembled monolayers (OEG-SAMs) have intensively been studied by various techniques. However, their molecular-scale surface structure has not been well understood. In this study, we performed molecular-resolution imaging of OHterminated SAMs (OH-SAMs) and hexa(ethylene glycol) SAMs (EG 6 OH-SAMs) formed on a Au(111) surface in aqueous solution by frequency modulation atomic force microscopy (FM-AFM). The results show that most of the ethylene glycol (EG) chains in an EG 6 OH-SAM are closely-packed and well-ordered to present a molecularlyflat surface even in aqueous solution. In addition, we found that EG 6 OH-SAMs have nanoscale defects, where molecules take a disordered arrangement with their molecular axis parallel to the substrate surface. We also found that the domain size (50-200 nm) of an EG 6 OH-SAM is much larger than that of OH-SAMs (10-40 nm). These findings should significantly advance molecular-scale understanding on the surface structure of OEG-SAMs.
Introduction
Surfaces coated with poly(ethylene glycol) (PEG) exhibit strong resistance to nonspecific protein adsorption (i.e. protein resistance). Owing to this property, they are widely used in biomedical and biosensing applications. Examples include coatings of substrates for cell culture, contact lenses, catheters and biosensors. [1] [2] [3] [4] [5] [6] [7] To improve the protein resistance of the coatings, tremendous efforts have been made for understanding the mechanism and optimizing the coating conditions. In these studies, oligo(ethylene glycol)-terminated alkanethiol self-assembled monolayers (OEG-SAMs) have widely been used as a model system.
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In contrast to a PEG film, an OEG-SAM consists of monodisperse molecules with uniform chain length. Thus, the interface between the molecules and water is welldefined. In addition, an OEG-SAM offers excellent controllability of the physical and chemical properties of the surface. The lateral packing density can be controlled by changing the substrate (e.g. Au and Ag) used for preparing a SAM. 10, 13 Further control of the conformational flexibility can be achieved by mixing alkanethiols with and without ethylene glycol (EG) chains. 9, 14 The affinity to water can be modified by changing the end group of the EG chains (e.g. OH and OCH 3 ). 13, 15, 16 Such an excellent controllability makes the system ideal for studying molecular-scale mechanism of the protein resistance.
In an effort to understand the origin of the protein resistance of OEG-SAMs, their molecular arrangements and conformations have extensively been studied by various spectroscopic techniques. [17] [18] [19] [20] In the meanwhile, microscopic studies on the surface structures of OEG-SAMs have been very limited. In particular, molecular-scale arrangements of domain boundaries, etch pits and defects of an OEG-SAM have not been well understood. This has often hindered understanding relationship between the protein resistance and the local surface structures.
Atomic force microscopy (AFM) 21 is a powerful tool for imaging molecular-scale surface structures in liquid. Among various operation modes of AFM, static or amplitude-modulation mode has typically been used for liquid-environment imaging. For example, Li et al. used these operation modes for investigating chain length dependence of surface structures of OEG-SAMs. 20 The obtained images revealed that the surface roughness of an OEG-SAM increases with increasing the length of EG chains. However, molecularly-resolved AFM images of an OEG-SAM have not been reported yet. This is partially due to the difficulties in reproducible and non-destructive imaging of soft surface structures with molecular resolution in liquid.
Recently, there have been significant advancement in high-resolution imaging techniques using dynamic-mode AFM in liquid. Frequency modulation AFM (FM-AFM) 22 has traditionally been used for atomic-scale investigations in vacuum.
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However, recent progress in the instrumentation 25 has enabled its operation in liquid with atomic resolution. 26 One of the key techniques that brought this breakthrough is ultra small amplitude oscillation of a cantilever (< 0.5 nm). Subsequent studies revealed that the small amplitude operation is also effective to improve spatial resolution of AM-AFM in liquid. 27 Another method proposed for high-resolution imaging in liquid is bimodal AFM. 28 In the method, the first and second vibration modes of a cantilever are simultaneously excited. Typically, oscillation amplitude of the second mode is set at a small value to obtain atomic-scale locality in the force detection.
Among these advanced AFM techniques, here we use FM-AFM for investigating surface structures of OEG-SAMs. We perform molecular-scale FM-AFM imaging of OHterminated alkanethiol SAMs with and without hexa(ethylene glycol) chains (EG 6 OHSAMs and OH-SAMs) in NaCl solution. By comparing the images of these two systems, we aim at understanding the influence of the EG chains on the surface structure. In particular, variations in the molecular-scale contrast patterns are discussed in detail.
Experimental details

Sample Preparation
Au(111) surface was prepared by vacuum deposition of gold onto a mica substrate (01877-MB, SPI Supplies). We cleaved a mica substrate in air and introduced it into the vacuum chamber. We performed a two-step pre-baking of the substrate at 300
• C for 1h and 400
• C for 1 h. With the temperature kept at 400
• C, we deposited a 100 nm gold thin film on the substrate with a deposition rate of 0.1 nm/s. The vacuum pressures before and during the deposition were less than 5 ×10 −5 Pa and 5 ×10 −4 Pa, respectively. We performed a post-baking of the substrate at 400
• C for 1 h. After the post-baking, we left the sample in vacuum until the temperature reaches room temperature. We vented the chamber with N 2 gas to take out the sample from the chamber. Immediately after taking out the substrate from the vacuum chamber, we immersed it into a thiol solution to form a SAM. We purchased 11-Mercaptoundecanol hexaethylene glycol ether (EG 6 OH-thiols) from Dojindo Molecular Technologies (H355) and 11-Mercaptoundecanol (OH-thiols) from Sigma-Aldrich (447528). The former is used for preparing EG 6 OH-SAMs (Figure 1(a) ) and the latter is for OH-SAMs ( Figure  1(b) ). We dissolved the molecules in ethanol (14722-75, Nacalai Tesque) to prepare 1 µM solutions of EG 6 OH-thiols and OH-thiols. We immersed the Au(111) substrate into the solution and left it overnight in a dark room. We rinsed the substrate twice: first with ethanol and later with water. We dropped 50 mM NaCl solution (pH: ∼5.7) onto the SAM surface and performed FM-AFM imaging in that solution.
FM-AFM Imaging
We used a home-built FM-AFM instrument with an ultralow noise cantilever deflection sensor. 25, 29 As a force sensor, we used a Si cantilever (PPP-NCHAuD, Nanoworld) with a nominal spring constant of 42 N/m. The cantilever was oscillated at its resonance frequency (f 0 ) with a constant amplitude (A) using a phase-locked loop (PLL) circuit (OC4, SPECS). We used the photothermal excitation method for the cantilever excitation. 29 The PLL circuit was also used for detecting the frequency shift (∆f ) of the cantilever resonance induced by the tip-sample interaction. We performed FM-AFM imaging in the constant ∆f mode. Namely, the tip-sample distance was regulated such that ∆f was kept constant. We used a commercially available AFM controller (ARC2, Asylum Research) for the tip-sample distance regulation as well as for the scan control and the data acquisition. All the measurements were performed at room temperature in liquid.
Results
Surface Structures of OH-SAMs
Figures 2(a)-2(c) show FM-AFM images of an OH-SAM obtained in 50 mM NaCl solution. Note that these images are typical examples of those obtained with similar conditions. From the whole data, we confirmed that main features discussed below are reproducibe.
The micrometer-scale image (Figure 2 (a)) mainly shows surface features of the Au(111) thin film formed on the mica substrate. The surface of the Au thin film shows atomically-flat terraces and large depressions formed at the boundaries between the gold grains. In the image, we also find some adsorbates with a height of 1-5 nm as indicated by the arrows. The number of such adsorbates increases with increasing the time spent for the sample transfer from the thiol solution to the imaging solution. Thus, they are probably hydrocarbon contaminations adsorbed on the surface during the sample transfer process. For OH-SAMs, we found it difficult to completely suppress such contamination. In the nanometer-scale image ( Figure 2 (b)), the nanoscale contaminations are more clearly observed. On the flat terraces, we find many depressions with a diameter of 2-10 nm. The depth of the depression is ∼0.25 nm, which corresponds to the single atomic step height of a Au(111) surface. Such surface structures are commonly observed at the surface of an alkanethiol SAM formed on a Au(111) surface and referred to as "etch pits". 30 In the SAM formation process, some of the thiol molecules adsorbed on the surface desorbs with a gold atom, which forms depressions with a depth corresponding to the single atomic step height. As the depressions observed in Figure 2 (b) has the characteristic height, they should correspond to the etch pits.
In the molecular-scale image (Figure 2 (c)), the etch pits are more clearly observed. In addition, line-shaped depressions with a depth of 0.13 ± 0.04 nm are observed at the boundaries between two adjacent SAM domains (e.g., the depression indicated by the dotted line). On the surface of individual domains, we find two characteristic surface structures. Some domains show hexagonally-arranged molecular-scale contrasts with a spacing of 0.5 nm while the others show stripe-shaped superlattice structures with a spacing of 1 nm as indicated by the arrows in Figure 2 (c). These surface structures are commonly observed at the surface of alkanethiol SAMs formed on a Au(111) surface and known as (
• structure and c(4×2) superlattice structure, respectively.
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On the flat surfaces, we found irregularly-distributed bright spots. Their height is 50-100 pm and hence lower than that of a small molecule. Such a small contrast variation may reflect non-uniform distribution of ions, water or other molecules interacting with the surface. Complete understanding of such contrasts should require systematic studies with different ion concentrations and species.
From these results, we found that the surface structures of OH-SAMs in 50 mM NaCl solution are similar to those reported for alkanethiol SAMs in air or vacuum.
Surface Structures of EG 6 OH-SAMs
show FM-AFM images of the EG 6 OH-SAM obtained in 50 mM NaCl solution. Note that these images are typical examples of those obtained with similar conditions. From the whole data, we confirmed that main features discussed below are reproducibe.
In the micrometer-scale image (Figure 2(d) ), we found no contaminations on the surface. This is a clear difference from the image of the OH-SAM (Figure 2(a) ). The result may reflect the non-fouling property of the EG 6 OH-SAM. We also found that nanoscale depressions with a diameter of 10-50 nm exist only at the EG 6 OH-SAM surface. The inset in Figure 2(d) shows an FM-AFM image taken at the area indicated by the square. The image reveals that the bottom of the depression is not atomically-flat but has irregular height variation. This suggests that the bottom is not a clean Au(111) surface but covered with adsorbed molecules. Figure 2 (g) shows a cross-sectional profile measured along the line A-B indicated in the inset. The profile reveals that the depth of the depression is ∼2 nm.
According to the previous study using in-liquid IR spectroscopy, the EG chains of an OEG-SAM mostly take the helical conformation at room temperature. 32 With that conformation, the thickness of the SAM is expected to be 3.08 nm.
9 This value and the depth of the depressions (∼2 nm) suggest that the thickness of the molecular layer on the bottom should be ∼1 nm. The small thickness suggests that the film should consist of one or two molecular layers with the molecular axis nearly parallel to the Au(111) surface. From these results, we propose a model of the nanoscale defects as shown in Figure 3 .
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Au(111) Figure 3 . Schematic model of the nanoscale defects found in the EG 6 OH-SAM (the arrows in Figure 2(d) ).
In the nanoscale image (Figure 2(e) ), we found line-shaped depressions with a depth of 0.4 ± 0.2 nm as indicated by the dotted line. Such structure is not observed in the corresponding image of the OH-SAM (Figure 2(b) ). On the contrary, the molecularscale image (Figure 2(f) ) shows no line-shaped depressions corresponding to the domain boundaries. From these results, we consider that the line-shaped depressions observed in the nanoscale image should correspond to the domain boundaries. The results suggest that the domain size of the EG 6 OH-SAMs is significantly larger than that of the OHSAMs.
To obtain more quantitative information on the domain size, we performed more detailed analysis of the images (Figure 4) . Figure 4(a) shows the same FM-AFM image as shown in Figure 2 (c) but with domain boundaries indicated by dotted lines. We drew lines where we see a line-shaped depression, a step or a difference in the molecular contrasts between adjacent regions. Due to this definition, this process requires that the images show clear molecular-scale contrasts. Thus, the scan size was limited to less than 50 nm. Owing to this limited scan range, only three domains are completely visualized in the image. If we define the domain size as the longest edge-to-edge distance, the size of these domains is 12-32 nm.
We also performed similar analysis with other molecularly-resolved images. One of such images is shown in Figure 4(b) . The largest domain found in this image has a size of ∼41 nm. This is one of the largest examples among those we analyzed. From these results, we conclude that the domain size of OH-SAMs is approximately 10-40 nm.
For EG 6 OH-SAMs, we analyzed a larger image (Figure 4(c) ). We drew the dotted lines where we see a line-shaped depression or a step. The molecular-scale contrasts within a single domain is almost uniform except for subtle difference discuss later with Figure 8 . For example, Figure 4 (d) shows molecularly-resolved images of three domains A-C. Molecular-scale contrast in each domain is almost uniform. However, across the domain boundaries, we found slight difference in the contrasts. The orientation of the molecular-scale contrasts in Domains A and C are almost the same while that of Domain B is different from the others.
In Figure 4 (c), we find exceptionally small domains at the step edges. These domains exit at the step edges of the Au(111) film. Thus, their size is determined by the terrace size. Excluding these irregular domains, we find three domains that are fully included in the image. The size of these domains ranges from 64 to 170 nm. We analyzed other FM-AFM images obtained at different surface areas. From all the data we analyzed, we conclude that the domain size of EG 6 OH-SAMs is approximately 50-200 nm. This is five times larger than that of OH-SAMs.
In the molecular-scale image (Figure 2(f) ), we found depressions with different size (1-10 nm) and shape. The depth of the depressions is almost uniform and corresponds to the single step height of a Au(111) surface (∼0.25 nm). Due to the characteristic depth, they are most likely to be etch pits. However, their shape and size variation are different from those of the etch pits typically observed in alkanethiol SAMs. Thus, they may reflect non-uniform distribution of other surface structures or properties. Possible sources of such non-uniformity include the variations in the hydration properties, molecular conformations and orientations. Although we cannot exclude these possibilities, we consider that they are most likely to be etch pits as they were relatively stable during the AFM imaging.
The molecular-scale image (Figure 2(f) ) shows periodic contrasts with a peak spacing of ∼0.5 nm. This value agrees with the molecular spacing observed in the (
• structure. The result suggests that the molecules are closely packed to form a relatively well-ordered structure. However, we found that the surface of the EG 6 OH-SAM has undulation with amplitude of less than 50 pm as revealed by the cross-sectional profile in Figure 2(h) . On the contrary, the OH-SAM does not show such undulation as shown by the cross-sectional profile in Figure 2(i) .
In general, such subtle undulations in an AFM image can originate from sample deformation caused by the tip scan. However, we confirmed that the forward and backward scan images of Figure 2(f) show almost the same molecular-scale contrast pattern (see Figures S1(a) and S1(b) of Supplementary Data). In addition, we confirmed that successive images obtained at the same area as shown in Figure 2 (f) also show a very similar contrasts (see Figures S1(a) and S1(c) of Supplementary Data). These results show that the observed undulation is not caused by the tip scan but reflects true surface topography. • as shown in Figure 5 (b). The relative orientation of these stripes with respect to the molecular-scale bright spots observed in the image is shown in Figure 5(c) . These results show that the orientations of the undulation stripes have strong correlation with the molecular arrangements. Although the stripes do not have a long-range ordering, we often find small periodic structures consisting of a few stripes. Some examples are indicated by the dotted lines in Figure 5(a) . We performed FM-AFM imaging at molecularly-flat area of EG 6 OH-SAMs in 50 mM NaCl solution. The obtained FM-AFM images show various molecularscale contrast patterns as shown in Figure 6 . Molecular-scale contrasts of FM-AFM images obtained in liquid depend not only on the surface structures but also on the surface hydration structures, tip conditions and frequency shift setpoints. Thus, it is difficult to discuss the origins for the different contrasts between multiple AFM images. Therefore, here we mainly discuss regularity and irregularity of the molecular-scale surface structures.
Variations in molecular-scale contrast patterns
In the FM-AFM images shown in Figure 6 (d), some domains show bright spots with a spacing of ∼0.5 nm (Figure 6(b) ) while other domains show stripes with a spacing of 1 nm (arrows in Figures 6(d) and 6(f) ). The latter feature is characteristic of the c(4×2) superlattice structure. These results suggest that the molecular packing arrangement in EG 6 OH-SAMs is similar to that of OH-SAMs (Figure 2(c)) .
However, the regularity of the molecular-scale contrasts in the images of EG 6 OHSAMs is lower than that in the images of OH-SAMs. For example, the images shown in Figure 6 show that the molecular spacing is not perfectly uniform but has variation. This is partially due to the drift of the tip position but mostly reflects real surface structures. In fact, such small variation in the molecular spacing leads to the undulation observed in the large-scale image in Figure 2 (f). Another example of the irregularity is the dark spots indicated by the arrows in Figures 6(c) and 6(e). The size of these dark spots is comparable to that of the tip apex. Thus, we cannot determine if a molecule exists at these positions. Possible origins of the dark spots include missing molecules, molecularscale etch pits, and variations in hydration or molecular conformation. Considering the strong affinity of the molecules to the Au surface and small influence on the arrangement of adjacent molecules, we speculate that the dark spots may originate from variations in hydration or molecular conformation. It is generally difficult to discuss origins of the difference between molecular-scale contrasts in two AFM images. However, contrast difference in one image often provides important information on this issue. Figure 7 shows an FM-AFM image of an EG 6 OH-SAM obtained with varying ∆f setpoint. During the imaging, ∆f was changed from 1.2 kHz to 0 Hz and returned to 1.2 kHz. Note that the FM-AFM images of EG 6 OH-SAMs shown in this article were taken with a setpoint within this range. The molecular-scale contrasts in the areas taken with 1.2 kHz and 0 Hz setpoints show a clear difference. This result shows that the molecular-scale contrast of an EG 6 OH-SAM depends on ∆f setpoint. However, the position of the molecular rows is not significantly shifted when ∆f was changed as indicated by the dotted line in Figure 7 . This result shows that the loading force during the imaging is smaller than that required for shifting the position of molecular rows. Another example of an AFM image showing different molecular-scale contrasts is shown in Figure 8 . In the image, we approximately indicated the positions of the boundaries between the areas showing different contrast patterns by dotted lines. The image shows that different contrast patterns exist even along the fast scan direction (left to right). For example, the area surrounded by the square in Figure 8 includes three regions showing different contrast patterns. In the left region, individual molecules are clearly visualized as bright spots (dots in Figure 8 ). In the middle region, we find characteristic L-shaped repeating units as indicated by the solid line. Molecules constituting the L-shaped features are not clearly resolved in the image. In the right region, the L-shaped units appear to be rounded to form curved lines as indicated by the solid lines in Figure 8 . In addition, between two curved lines, we find a dark spot as indicated by the circle drawn with a dotted line. The difference between these characteristic features reveal the existence of different contrast patterns along the fast scan direction.
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As discussed above, difference in the molecular-scale contrasts comes from the difference in surface structures, tip conditions and/or frequency shift setpoint. As for the tip conditions and frequency shift setpoint, their drift takes place along the slow scan direction (vertical direction in Figure 8 ). Thus, they cannot account for the difference found between the regions along the fast scan direction. Therefore, the contrast difference should originate from the subtle difference in the surface structures. Due to the subtleness of the difference, we speculate that the difference exists only at the near surface part of the EG chains. In fact, the height difference between the areas showing different contrast patterns is less than ∼50 pm. The result suggests that the molecular conformations and orientations in these different areas are similar to each other.
Discussion
Nanoscale defects
In this study, we revealed the existence of nanoscale defects in EG 6 OH-SAMs ( Figure  2(d) ). At the bottom of the defects, thiol molecules probably take a lateral orientation with respect to the Au(111) surface (Figure 3 ). This characteristic structure was not found in the OH-SAMs. Here, we discuss the formation mechanism of such nanoscale defects.
In general, alkanethiol molecules with a long chain length (SH-(CH 2 ) n−1 -CH 3 ; n ≥ 8) predominantly take a vertical orientation in a SAM formed on a Au(111) surface.
33 This is partially due to the enthalpic gain obtained by the van der Waals interaction between the closely-packed alkyl chains. However, this enthalpic gain decreases with reducing the chain length. Thus, short chain molecules (n < 8) partially or predominantly take a lateral orientation. In this arrangement, there is an enthalpic gain obtained by the interaction between the alkyl chain and the substrate. In addition, the molecules often take a disordered arrangement to obtain an entropic gain.
For EG 6 OH-SAMs, we should take into account additional energetic contributions from the EG chains. In the lateral arrangement, owing to the high conformational flexibility of the EG chains, the entropic gain obtained by the disordering is much larger than that in an OH-SAM. On the contrary, the entropic loss caused by the conformational restriction in the vertical arrangement is more significant than that in an OH-SAM. These energetic contributions can explain the coexistence of the vertical and lateral arrangements only in the EG 6 OH-SAMs.
Domain size
In this study, we found that the domain size of EG 6 OH-SAMs (50-200 nm) is much larger than that of OH-SAMs (10-40 nm). This size is abnormally large compared with the typical values for alkanethiol SAMs prepared with a similar procedure. Here, we discuss the formation mechanism of such large domains in EG 6 OH-SAMs.
Pale-Grosdemange et al. performed coadsorption experiments of OH-thiols and EG 6 OH-thiols and reported that OH-thiols preferentially adsorb on a Au surface. 34 The result shows that the formation of an OH-SAM is energetically preferable to that of an EG 6 OH-SAM. As discussed above, the EG chains have energetic demerits in taking the vertical molecular arrangement. Thus, an OH-SAM domain should be energetically more stable than EG 6 OH-SAM domain if they have the same size.
In the formation process of a SAM, molecules first adsorb on the surface with a lateral molecular orientation. 30 Further adsorption of the molecules changes the lateral orientation to the vertical to form small domains. As the domains laterally grow, they should collide with each other to form domain boundaries. Such domain boundaries are energetically unfavorable. Thus, thermodynamically, molecules may be rearranged to form a large domain. However, such rearrangement requires disarrangement of the well-ordered molecular domains. The energy required for the disarrangement increases with increasing the domain size. Therefore, the coalescence of the domains stops at a certain domain size.
As discussed above, OH-SAM domains with the vertical molecular arrangement are energetically more stable than EG 6 OH-SAM domains. Thus, the disarrangement of OH-SAM domains should require higher energy than that of EG 6 OH-SAM domains if they have the same size. This explains why the domain size of EG 6 OH-SAMs is abnormally large compared to that of OH-SAMs.
Conclusions
In this study, we imaged the surface structures of OH-SAMs and EG 6 OH-SAMs in 50 mM NaCl solution by FM-AFM. Based on the obtained results and the previous reports, we have improved the understanding on the surface structures of EG 6 OH-SAMs.
The surface of an EG 6 OH-SAM mostly consists of closely-packed EG chains ( Figure  2(f) ). This result suggests that molecular conformations in an EG 6 OH-SAM are almost uniform. The following features are found only in the EG 6 OH-SAMs. First, we found nanoscale defects, where molecules probably take a lateral orientation. Second, the molecular-scale surface arrangement has wide variation although their difference is very subtle (Figure 8) . Finally, the domain size (50-200 nm) is much larger than that of OH-SAMs (10-40 nm).
These findings have significantly improved the understanding on the surface structures of EG 6 OH-SAMs. So far, such a molecular-scale study on the interfaces between soft materials and water has been hindered by the limited performance of the conventional AFM. Owing to the high spatial resolution of FM-AFM, we were able to directly visualize molecular-scale interfacial structures. This capability should also be useful in other studies on various interfacial structures. Therefore, the results obtained here should stimulate the future applications of FM-AFM to the studies on the soft interfaces in chemistry and biology.
